The anterior cingulate cortex (ACC) is a key brain region for the perception of pain and emotion. Cellular and molecular mechanisms of the ACC are usually investigated in rodents such as mice and rats. Studies of synaptic mechanisms in primates are limited. To facilitate the translation of basic results from rodents to humans, it is critical to use a primate-like animal model for the investigation of the ACC. The tree shrew presents a great opportunity for this as they have similar genome sequences to primates and are considered to have many similarities to primates. In the present study, by combining anatomy, immunostaining and micro-optical sectioning tomography methods, we examined the morphological properties of the ACC in the tree shrew and compared them with the mouse and rat. We found that the ACC in the tree shrew is significantly larger than those found in the mouse and rat. The sizes of cell bodies of ACC pyramidal cells in tree shrew are also larger than that found in the mouse or rat. Furthermore, there are significantly more apical/basal dendritic branches and apical dendritic spines of ACC pyramidal neurons in tree shrew. These results demonstrate that pyramidal cells of the ACC in tree shrews are more advanced than those found in rodents (mice and rats), indicating that the tree shrew can be used as a useful animal model for studying the cellular mechanism for ACC-related physiological and pathological changes in humans.
Introduction
Acute pain is considered as a signal which allows animals and humans to learn about potentially dangerous threats, which also often called physiological pain. Chronic pain, or pathological pain by contrast, is often caused by injuries or specific disease conditions, and it causes unpleasantness, discomfort, sadness, hopelessness, anxiety and depression over a longer period of time than acute pain. Among the cortical areas, the anterior cingulate cortex (ACC) and insular cortex are the two major areas which play important roles in coding functions for both acute and chronic pain. [1] [2] [3] By contrast, pleasure or happiness is the state of mind that animals and human pursue. It is often not long-lasting, unlike chronic pain. Human and animal studies suggest that neurons in the ACC may also contribute to the coding of pleasure. 4 Similar to reports from human studies, neurons in the ACC do respond to noxious stimuli and are activated by pleasure-like sex attraction. 4 Synaptic transmission and plasticity are found to play critical roles in chronic pain. 1, 4, 5 Rodents such as mice and rats are common animal models for studying the cellular and synaptic functions of the ACC.
1,2 Less synaptic information is available using primate models. Most of the previous studies in monkeys focused on the anatomy and electrophysiological properties of the ACC neurons in vivo. In vitro brain slice studies from primates are usually considered to be too costly and limited by strict regulations. Despite much similarity at the synaptic level between rodents and primates, there are several obvious differences. The life span of rodents are significantly shorter than that of primates, and some of the typical human aging brain markers such as amyloid b (Ab) cannot be found in rodents brains. 6 Second, cortical pyramidal neurons in primates are highly developed, with more complex branches and spinal structures. 7, 8 There is clearly a need for further investigation of the ACC in primates or primate-like animals to facilitate the translation of findings from rodents to humans, especially for understanding the molecular mechanisms of emotion and brain disease.
The tree shrew is a small squirrel-like mammal with a well-developed central nervous system. Due to its small body size, the low cost of breeding and short reproductive cycle, the tree shrew has been used as primate-like animal model for studying vision, learning and emotion. [9] [10] [11] [12] [13] [14] Several observations support the claim that the tree shrew may present a useful primate model for the study of ACC functions. First, recent genetic studies indicate that the tree shrew is more similar to primates as compared with rodents. [15] [16] [17] Second, unlike rodents, the lifespan of tree shrew is three to four times longer (about 10 years). 18 Third, somatosensory and visual cortical regions in the tree shrew are highly developed and resemble those of primates. 7, 19, 20 Perhaps most interestingly, Ab accumulation has been reported in the aged tree shrew. 6 This is similar to humans but not found in rodents. Therefore, we believe that the tree shrew can be used as a useful animal model for the investigation of physiological and pathological process of brain function in humans. In the present study, we investigated the morphological properties of the ACC in tree shrews and compared those with those of mice and rats. Our results indicate that the ACC in tree shrew is significantly better developed than in mice and rats. The pyramidal cells in the tree shrew also contain more densely distributed dendritic branches and spines suggesting that cortical neurons in tree shrews may be more widely and closely connected and have the ability to deal with more complicated information. Thus, as a unique experimental animal, the tree shrew has more powerful potential advantages for neurobiological research than the present widely used rodents.
Materials and methods Animals
Adult male tree shrews (6-8 months) were purchased from Kunming Institute of Zoology in China. C57BL/6 mouse (6-8 weeks), Sprague-Dawley rat (8-10 weeks) and tree shrew were housed under a 12-h light and dark cycle with food and water provided ad libitum. All procedures and handling of animals were performed with permission according to the guidelines of Xi'an Jiaotong University.
Volume calculation of ACC
The animals were deeply anesthetized with Nembutal (30 mg/kg i.p.) and intracardially perfused with 20-35 ml saline followed by 100-500 ml of cold 0.1 M phosphate buffer (PB) containing 2% paraformaldehyde (Sigma-Aldrich, St. Louis, MO) for mouse, rat and tree shrew. The whole brain was taken out and weighed, and placed in 30% sucrose in 0.1 M PB. Then the brain containing ACC were serially cut into 100-mm serial coronal sections on a freezing microtome (Kryostat 1720; Leitz, Mannheim, Germany). One of two adjacent sections were collected and mounted on glass slides for imaging under bright field microscopy. The volume of ACC was calculated as a sectorial cylinder, according to the equation: (V, volume; L, sagittal length; S1, S2, rostral and caudal areas of ACC).
Nissl staining
The mouse, rat and tree shrew brains containing ACC were cut into serial coronal sections (20 mm) for Nissl staining. The sections were then mounted onto gelatincoated glass slides and differentiated in 70% ethanol at 37 C overnight and stained in 0.1% cresyl violet solution for 20 min. After de-colorization in graded ethanol, the sections were dehydrated in ethanol, cleared in xylene and mounted with neutral resin.
Immunohistochemistry
The mouse, rat and tree shrew brains containing ACC were cut into serial coronal sections (20 mm). Then the sections were incubated with mouse anti-NeuN antibody (1:3000; Millipore Corporation, USA) in PBS containing 5% normal donkey serum, 0.3%Triton X-100, 0.03% NaN 3 and 0.25% carrageenan overnight at 4 C. The sections were then incubated with biotinylated donkey anti-mouse IgG (1:500, AP192B Millipore Corporation, USA) overnight at 4 C and fluorescein avidin D antibody (1:1000) for 2 h. Sections were then rinsed in PBS, mounted onto glass slides, air-dried, cover-slipped with a mixture of 50% (v/v) glycerin and 2.5% (w/v) triethylene diamine in 0.01 M PBS. The NeuN-positive neurons were visualized under confocal microscope (FV-1000; Olympus, Tokyo, Japan) under appropriate filter for fluorescein (excitation 495 nm; emission 519 nm).
Golgi staining
Animals were deeply anaesthetized and intracardially perfused with 20-35 ml saline. After that, the brain was immediately taken out and a coronal tissue block (1 cm Â 1 cm Â 0.5 cm) containing ACC was dissected. Each tissue block was stained by using Golgi-cox solution. Tissue blocks were placed in an ultraclean staining jar with Golgi-cox dye containing 1% potassium dichromate, 1% mercuric chloride and 0.8% potassium chromate. The jar was kept in the dark for 6 d while gently shaken. Tissue blocks were then affixed to a sectioning block and cut into 120 mm sections on a vibrating microtome (Leica VT1200 S, Leica, Germany). The sections were then mounted onto slides, air-dried, dehydrated in a series of graded alcohol, cleared in xylene and coverslipped. The neurons in the ACC area were photographed by a light microscope, and the number of neuron and spine density were calculated and summarized to the graph.
Micro-optical sectioning tomography analysis
Animals were anaesthetized and perfused with 0.1 M PBS solution (pH 7.4). The whole animal brains were taken out and placed in a brown vial with Golgi-cox dye for 10 days. Then the brains were cut (thick of 3.5 cm Â 3.5 cm) and placed in 1% lithium hydroxide 24 h with shaking for melanism. After rinsing in distilled water for 24 h, the brain blocks were dehydrated in a series of graded ethanol: 50%, 70%, 85%, 95%, 100% ethanol/acetone (1:1) and then incubated in 100% acetone overnight. For osmosis, the brain blocks were kept in brown vial with freshly prepared spur resin series: 50%, 75%, 100%; 8 h each at room temperature. Brains were embedded in the silastic mold containing the spurr resin at 60 C for 36 h. Animal samples were imaged automatically by Biomapping 1000 which is commercialized from the microoptical sectioning tomography (MOST) technology. 21 About 3000 coronal slices (at 1 mm in thickness) were produced from original images of three animal samples individually by a series preprocessing steps, which include the cut of redundant image, alignment between neighboring image strips and the illumination calibration of whole slice. A series of projection images were generated from three preprocessed coronal images by minimum intensity projection of every 50 coronal slices or 100 slices. One can confirm the coronal range of ACC by browsing continuous projection images. Then threedimensional data block including ACC can be extracted from continuous preprocessed coronal images by customized Matlab programs. Twenty pyramidal neurons of layer V were selected randomly from three data block individually for tracing and quantitative analysis. Then interactive neuron tracing was performed using the 
Statistics
All data were presented as the mean AE SEM and no data were excluded. Unpaired t-test or one-way ANOVA (Dunnett t-test was used for post hoc comparison) was used to make statistical comparisons among mouse, rat and tree shrew. The examples shown in all figures were representative and were reproducible at least three times for each set of experiments. In all cases, a probability value of p < 0.05 was considered statistically significant.
Results

General observation of tree shrew brain
The tree shrew looks similar to a squirrel and its size is a bit smaller than an average adult rat (Figure 1(a) ). They reach maturity at six months and the lifespan is about 9 to 12 years. 17 We used six-to eight-month-old tree shrews in the present study. The average body weight of tree shrew was 136.8 AE 1.8 g (n ¼ 8), which is much larger than mature mouse (24.4 AE 0.9 g, 8 weeks, n ¼ 9) but smaller than rat (206.6 AE 13.7 g, 6 weeks, n ¼ 9). We next fixed the brains of the three types of animals and examined their size and shape (Figure 1(b) ). The mean brain weight of tree shrew was 3.14 AE 0.17 g (n ¼ 8), 7.1 times heavier than mouse brain (0.44 AE 0.03 g, n ¼ 9) and 1.8 times heavier than rat brain (1.72 AE 0.10 g, n ¼ 9), respectively ( Figure 1(c) ). We then calculated the brain to body weight ratio and found that, in comparison with mouse (1.9 AE 0.2%) and rat (0.8 AE 0.1%), the brain/body ratio in tree shrew (2.6 AE 0.1%) is higher (p < 0.05).
The range and volume of ACC in tree shrew
To clearly identify the frame of the ACC, 100-mm coronal sections in the forebrain from the rostral beginning of orbital cortex to the caudal ending of diencephalon was serially cut and numbered. According to the criteria of mouse and rat Brain Atlas for the range of the ACC, we identified the range of the ACC in tree shrew was followed the caudal edge of prefrontal cortex and ended in the level with the appearance of hippocampus (from No. 52 to No. 94 sections in Figure 2 , n ¼ 3). On coronal section, ACC formed a sectorial area, with two straight side edges adjacent to motor cortex and one curved bottom above corpus callosum (Figures 1(e) and 2) . Although there was no obvious morphological differences, corpus callosum in the tree shrew stretched deeper into the ACC than in that of mouse and rat (Figure 2) . Meanwhile, the long and horizontal axis of ACC in tree shrew is much longer (long axis: mouse 2.03 AE 0.09 mm, rat 3.63 AE 0.12 mm, tree shrew 4.87 AE 0.28 mm; horizontal axis: mouse 1.64 AE 0.02 mm, rat 3.99 AE 0.11 mm, tree shrew 5.33 AE 0.12 mm, n ¼ 18, 25, 32 slices in mouse, rat and tree shrew, respectively). We then estimated the volume of ACC as a sectorial cylinder (Figure 1(f) to (g) ). Furthermore, we found that the volume of ACC in tree shrew was significantly larger than that of mouse and rat (mouse: 3.6 AE 0.2 mm 3 , rat: 42.7 AE 3.9 mm 3 , tree shrew: 58.3 AE 6.6 mm 3 , p < 0.01).
The cytoarchitecture of ACC
To describe the morphological properties of ACC in tree shrew, we carried out histochemical experiments in the rostral, medium and caudal regions of the ACC sections. As shown in the Nissl-stained slices (Figure 3 ), we found that ACC belongs to a granular cortex, containing molecular layer (I), external granular layer (II), welldeveloped external and internal pyramidal layers (III and V) and polymorphic layer (VI) but no internal granular layer (IV), which is in consistent with mouse and rat. The neuronal density of mouse ACC is greater than those of rat and tree shrew (mouse: 75.8 AE 0.5 mm 2 , n ¼ 27 slices/4 animals; rat: 59.5 AE 1.1 mm 2 , n ¼ 22 slices/ 3 animals, tree shrew: 51.3 AE 1.4 mm 2 , n ¼ 25 slices/3 animals; p < 0.05). In addition, the molecular layer in tree shrew is thinner than that in mouse and rat (mouse: 0.35 AE 0.01 mm, n ¼ 67 slices/4 animals; rat: 0.27 AE 0.01 mm, n ¼ 35 slices/3 animals, tree shrew: 0.18 AE 0.01 mm, n ¼ 46 slices/3 animals; p < 0.05).
NeuN is a neuronal-speciEc protein, distributed in the nucleus and cytoplasm of mature neurons. It was widely used as a marker for neuronal labeling. 23, 24 In NeuNimmunostained slices, we found their distribution pattern was not different in mouse, rat and tree shrew, either in layer II/III or V/VI (Figure 4(a) ). Similar to the results from Nissl staining, the density of NeuNlabeled neurons in tree shrew and rat was not different (p > 0.05) but less than that of mouse (p < 0. (Figure 4(d) ). We further analyzed the neuronal soma size and found the size in tree shrew and rat was similar (p > 0.05) but significantly larger than that of mouse (p < 0.01) in layer II/III (mouse: 100.0 AE 3.5%, rat: 128.0 AE 3.4%, tree shrew: 127.5 AE 3.2%) and layer V/VI (mouse: 100.0 AE 4.1%, rat: 118.1 AE 7.0%, tree shrew: 131.4 AE 9.3%) (n ¼ 120 neurons/4 animals) (Figure 4(e) ).
The neuronal morphology of ACC neurons
The Golgi staining is a well-established method for representing neuronal morphology. To evaluate the morphological characteristics of individual neuron, we used Golgi impregnated sections in the ACC of mouse, rat and tree shrew ( Figure 5(a) , n ¼ 3 in each group). The immunoreactive neurons were distributed from layer I to layer VI. Interneuron-like neurons could be observed in all layers, with smaller and round soma and short branches surrounding the soma. While pyramidal cell-like neurons were found in layer III, V and VI but not in layer I, with larger triangular soma, a long apical dendrite stretched toward shallow layers and basal dendrite with branches surrounding the soma ( Figure 5(b) ).
We then analyzed the apical and basal dendritic branches by introducing MOST method, in which micrometer-scale tomography of a centimeter-sized whole brain could be obtained. 21 Thus, the three-dimensional profiles of Golgi-stained ACC neurons at the neurite level could be reconstructed. The morphology and spatial locations of neuronal soma and branches could be clearly distinguished. We observed that the apical but not basal dendrites in the tree shrew and rat extended longer than that of the mouse (Figure 6(a) ). To confirm whether the number of branches was different, the Sholl analysis method was then processed for analyzing randomly selected layer V neurons in mouse, rat and tree shrew (Figure 6(b) ). 25 By quantifying the extent and complexity of neural processes, we found that the amount and distribution of dendritic branching in tree shrew were significantly different with rat and mouse. In tree shrew, the number of dendritic branches was larger than that of mouse and rat, at a distance from 60 to 260 mm away from the soma for basal dendrites and from 120 to 260 mm away from soma for apical dendrites (Figure 6(c) ). In addition, the average number of basal dendritic branches (mouse: 126.8 AE 11.6, rat: 122.9 AE 10.2, tree shrew: 220.4 AE 18.5, p < 0.01) and apical dendritic branches (mouse: 75.5 AE 7.6, rat: 106.5 AE 10.5, tree shrew: 166.9 AE 12.7, p < 0.01) of tree shrew was also larger than that of mouse and rat (n ¼ 27 neurons/3 animals in each group) (Figure 6(d) ). Finally, although the apical dendrite of rat extended longer than that of mouse, the number of basal and apical dendritic branches were not different between rat and mouse (p > 0.05).
The spine morphology and density were also analyzed by assessing the apical dendritic spine of layer V neurons in the three types of animals. We found that the spine morphology was similar in mouse, rat and tree shrew, most of which were mushrooms like and with stubby heads (Figure 7(a) ). However, the density of spines was progressively increased in mouse, rat and tree shrew (p < 0.01), and the average density of spines of tree shrew was also larger than that of mouse and rat (mouse: 7.0 AE 0.3, rat: 10.9 AE 0.8, tree shrew: 14.3 AE 0.7, p < 0.01) (n ¼ 27, 28, 27 neurons/3 animals for mouse, rat and tree shrew, respectively) ( Figure 7(b) to (c) ). 
Discussion
In the present study, we characterize the morphological properties of the ACC in tree shrew as compared with rodents (mouse and rat). We found that the proportions of brain and ACC in tree shrew were higher than those in mouse and rat. Furthermore, the ACC pyramidal cells are larger, with more abundant dendritic branches and spines in tree shrew. This finding is similar to previous reports in other tree shrew cortical areas. 7, 19, 20 Our studies suggest that ACC in tree shrew is more advanced than that of rodents (mouse and rat), indicating tree shrew could be considered as a useful primate-like animal model for studying the cellular mechanism for ACC-related physiological and pathological changes in human.
ACC is a key cortical region for pain and pleasure Among several cortical regions, ACC is thought to be one of the key areas controlling human emotion including pain and pleasure. Previous human imaging studies have provided strong evidence that ACC is activated by unpleasant or pleasure stimuli, such as acute pain, [26] [27] [28] chronic pain 3 and anxiety, 29, 30 as well as romantic love, 31, 32 sex arouse [33] [34] [35] and attraction. 4 Cumulative studies at cellular and synaptic levels have shown that plasticity of excitatory transmission in the ACC play important roles in these emotion-related functions. 4, 5, [36] [37] [38] [39] However, these results are mainly collected from the rodent models and less is available in primate models. We propose that the tree shrew provides a potential useful model for the convenient investigation of the neuronal intrinsic properties and synaptic plasticity in the primates.
Better developed pyramidal neuron in ACC of tree shrew
The morphological property of ACC in tree shrew has not yet been reported. In the present study, we found that the orientation, relative location, topography, laminar organization (layer I, II, III, V and VI) and general cytoarchitecture of ACC were similar among mouse, rat and tree shrew, in accordance with that reported in primates. The result suggests that the ACC belong to the conservatively developed brain areas. A significant difference among tree shrew and rodents is the more complex dendritic branching and increased spine density in the pyramidal cells of tree shrew, indicating these neurons will have more close synaptic connections with each other or with interneurons and they can contribute to the process of complicated information. It has been reported that the pyramidal cells in visual cortex of tree shrew have more branches and the pattern of branches is similar to that of primates. 20 Tree shrew is an animal model for the translation from rodents to human patients Rodent animals such as mouse and rat have been widely used in biomedical research and contributed much to our understanding of mechanisms of disease including chronic pain.
1,2 Unfortunately, due to the fundamental biological difference in the species, some results from studies on rodent animals failed to be translated into human treatments. Furthermore, rodents also have significantly shorter lifespans and the effects of treatments on rats are therefore tested over a few weeks, whereas numerous chronic diseases last for several years, even decades, in humans, including chronic pain, post-herpetic neuralgia, diabetic neuropathy and Alzheimer disease. [40] [41] [42] Thus, key information related to the disease development and treatment effect will be lost from the rodents studies. For example, the amyloid accumulations and somatostatin degeneration are involved in impairments of cognitive functions during aging. An accumulation of amyloid b showed in the cerebral cortex neurons of aged macaque monkeys and tree shrews, but not in those of mouse and rat. 43 Similarly, somatostatin-immunoreactive senile plaque-like structures are found in the nucleus accumben of aged macaque monkey and tree shrew, but not in mouse and rat. 6 Therefore, additional animal models like tree shrew, which can live for more than 10 years, are clearly helpful for future translational drug discoveries.
In sum, we believe that the tree shrew is an ideal animal model for the study of synaptic mechanism in primates, not only for its closed genome with primates but also for its similar brain structure, cellular morphological and functional properties. The small body size, low cost of breeding, short reproductive cycle and long lifespan provide more reliability and convenience for the research works in both the cellular and behavioral level. In fact, the tree shrew has already been selected for the testing of drug efficacy and safety 44 and studies of the tree shrew will definitely provide more valuable information to reveal basic mechanisms of physiological and pathological brain changes in the future.
